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Abstract Harvesting crop residues for bioenergy or bio-
product production may decrease soil organic matter (SOM)
content, resulting in the degradation of soil physical properties
and ultimately soil productivity. Using the least limiting water
range (LLWR) to evaluate improvement or degradation of soil
physical properties in response to SOM changes has generally
been hampered by the extensive amount of data needed to
parameterize limiting factor models for crop production. Our
objective was to evaluate five pedotransfer functions to deter-
mine their effectiveness in predicting soil water holding ca-
pacity in response to different SOM levels. Similarly, two
other pedotransfer functions were evaluated to determine the
effects of SOM on cone index values. Predictions of field
capacity and wilting point water content as well as the
cone index–water content–bulk density relationship of
soil strength using the pedotransfer functions were com-
pared with field data from two tillage experiments near
Akron, CO that had a range of SOM concentrations.
Equations previously developed by da Silva and Kay
gave the best estimates of LLWR for the pedotransfer
functions we evaluated. These equations were then used
to illustrate LLWR changes in response to different soil
and crop management practices on a Duroc loam near
Sidney, NE. The results showed that tillage and, possi-
bly, soil erosion decreased the LLWR as tillage intensity
increased. Therefore, we recommend that crop residue
removal rates be limited to rates that maintain or in-
crease SOM content to ensure soil physical conditions
are not degraded.
Keywords Least limitingwater range . LLWR . Crop residue
removal . Soil quality . Soil physical properties
Introduction
The projected shortage of fossil fuels over the next 50 years,
national security issues associated with ensuring adequate
petroleum supplies, and recent increases in energy prices [1]
have renewed interest in replacing a portion of the fossil fuel
energy used in the USA with advanced biofuels developed
using cellulose, hemicelluloses, or lignin feedstocks. Crop
residues, the portion of plants that remain after harvesting
grain from many agricultural crops, are a potential source for
cellulosic feedstock. The amounts of crop residue and other
feedstock sources including perennial grasses, forest residues,
municipal and industrial wastes, and waste products from
agricultural processing are large [2, 3]. As a result, Kim and
Dale [4] estimated that potential global bioethanol production
could replace up to 33 % of global gasoline consumption.
Corn (Zea mays L.) stover has been proposed as a primary
feedstock for biofuel production in North America, potentially
providing 38.4 GL year−1 of ethanol.
Harvesting crop residues for energy production or any
other use can lead to decreases in SOM or soil organic carbon
(SOC) content. Decreasing SOC levels can result in degrada-
tion of soil physical, chemical, and biological properties. Lal
[5] discouraged the use of crop residues for energy production.
He cites several reasons to return crop residues to the field
including (a) recycling plant nutrients, (b) carbon sequestra-
tion, (c) improving soil physical properties such as soil struc-
ture and water retention and transmission, (d) enhancing soil
fauna, (e) improving water infiltration, (f) controlling water
runoff, (g) conserving water in the root zone, and (h) sustain-
ing agronomic productivity.
Several soil physical properties are improved as SOC in-
creases; therefore, balancing the use of crop residues between
ecosystem services and bioenergy or bio-product production
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is a critical area of research [6]. For example, Blanco-Canqui
and Lal [7] showed a decrease in soil aggregate stability,
aggregate strength, and subcritical water repellency with
corn stover removal rates as low as 25 %. On the other
hand, Bauer and Black [8] measured no significant soil
bulk density differences at depths ranging from the
surface to 450 mm between cropped and grassland soils
due to tillage and crop removal.
The effectiveness of increasing SOM by changing
cropping and tillage systems varies considerably among dif-
ferent regions in the USA. A regional study in Indiana, Ohio,
and Pennsylvania tested the hypothesis that no-till cropping
systems would be more effective for sequestering SOC than
conventionally tilled systems, but was inconclusive [9]. In
some soils, more SOC was found with no-till (NT) systems,
and in others, more SOC was found with conventional tillage.
Neither system provided any apparent reason for the unex-
pected discrepancy. Under dryland conditions in the US cen-
tral Great Plains, increasing cropping intensity to more than
the every-other-year crop production of the traditional wheat-
fallow system has been shown to increase SOC stocks due to
increased residue inputs [10]. Therefore, it is often expected
that with irrigation, an even greater increase in SOC could be
attained because of the greater productivity than for dryland
systems in this region. However, a recent study on soil carbon
dynamics for irrigated corn [11] showed a low potential to
sequester SOC in the central Great Plains, especially with
conventional tillage practices.
Residue Removal Rates
Residue production varies considerably between crop species
and growing environments. Linden et al. [12] showed that
c o n t i n u o u s c o r n p r o d u c e d b e tw e e n 4 . 0 a n d
5.8 Mg ha−1 year−1 crop residue in a continuous corn system
in southeastern Minnesota. Benjamin et al. [13] reported crop
residue production in an irrigated system in a semiarid envi-
ronment varied from a high of 7 Mg ha−1 year−1 total C for
continuous corn production to a low of 0.7 Mg ha−1 year−1
total C for field pea (Pisum sativum L.). Clearly, corn has the
greatest potential of annual grain crops for supplying crop
residue for off-farm use.
Various studies have estimated the amount of crop residue
that can be removed without affecting SOC levels. Allowable
residue removal rates vary depending upon the tillage practice
(no tillage vs. tilled), crop species (high C/N ratio residue vs.
low C/N ratio residue), and climate (humid vs. semiarid
environments). Wilhelm et al. [14] estimated that
7.6 Mg ha−1 year−1 of crop residue was needed to maintain
SOC levels for a continuous corn, moldboard plow system,
while 5.2 Mg ha−1 year−1 of crop residue was needed to
maintain SOC levels for continuous corn, no-till systems.
Benjamin et al. [13] showed that 4.6 to 7.4 Mg ha−1 year−1
of total C from plant residue and roots were needed to main-
tain SOC for no-till and chisel plow systems, respectively,
within an irrigated, semiarid environment. Larson et al. [15]
determined that 6 Mg ha−1 year−1 crop residue addition
(3.5 Mg ha−1 year−1 C) was needed to maintain SOC levels
in southern Iowa. Pikul et al. [16] determined that
7 . 4 Mg h a − 1 y e a r − 1 c r o p r e s i d u e a d d i t i o n
(4.3 Mg ha−1 year−1 C) was needed to maintain SOC levels
in eastern South Dakota.
If less than adequate amounts of crop residue are returned
to the soil, a decrease in SOC would be expected. Decreasing
SOCmay result in poorer soil conditions and, in the long term,
reduce soil productivity. Less favorable soil conditions caused
by the decrease in SOC are often reflected by changes in soil
characteristics that affect plant growth. This includes factors
such as surface crusting, water holding capacity and soil
strength, as well as an increased susceptibility of the soil to
compactive forces that generally result in increased bulk den-
sity (ρb) [17]. Therefore, the effects of residue removal on
long-term soil productivity must be considered in any eco-
nomic analysis of off-farm benefits of using crop residues for
other purposes.
Least Limiting Water Range
Many soil physical conditions have the potential to limit crop
production. For example, the soil’s ability to store water
provides a reservoir for plants to draw upon between rainfall
or irrigation events. Soil strength provides anchoring for
plants growing in the soil, but too much soil strength can
impede root development and limit exploitation of the soil
profile for water or nutrients needed by the plant. Terrestrial
plants require oxygen in the root zone for proper root function,
including water and nutrient uptake. Root growth and explo-
ration, nutrient and water uptake, and the soil resource condi-
tion all interact to determine the most limiting factors affecting
crop production. A method called the least limiting water
range (LLWR) has been developed to account for each of
these limiting soil physical conditions and provides a method
for evaluating changes in potential soil productivity caused by
compaction [18–20].
The LLWR can be used to evaluate improvement or deg-
radation of soil physical properties. A wider LLWR, at a
specific bulk density, generally will be less restrictive to plant
growth. However, as long as the water content of a soil can be
controlled to lie within the LLWR, no productivity restrictions
are anticipated.
To construct the LLWR for a particular soil, knowledge of
field capacity (θf), wilting point (θw), air-filled porosity (φa),
and the relationship between soil strength, as measured by
cone index (CI), ρb, and water content (θ), is needed for the
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range of bulk densities likely to occur in the field. da Silva
et al. [19], Betz et al. [21], and Benjamin et al. [20] have
defined the limiting θf as the θ at either −10 or −33 kPa water
potential, the limiting θw as the θ at −1,500 kPa water poten-
tial, the limiting φa as 10 % air-filled porosity, and the limiting
CI as 2 MPa cone penetrometer resistance. The LLWR will
vary as soil properties, including texture or organic matter,
change. Such variations can be expected for different soil
types as well as within the profile depth of a specific soil.
An example of LLWR variation with soil depth for a Weld
loam [20] is shown in Fig. 1.
Pedotransfer Functions for Determining LLWR
Decreasing SOC caused by excessive removal of plant resi-
dues, tillage, or any other factor affects all of the soil physical
properties that determine the LLWR. Therefore, to use LLWR
to quantify effects of various soil management practices, a large
amount of data must be collected for every site or suitable
methods for estimating the parameters must be developed. To
reduce the data requirements, several researchers have devel-
oped pedotransfer functions designed to quantify changes in
soil water content and soil strength in response to SOC chang-
es. Pedotransfer functions are mathematical expressions relat-
ing different soil characteristics and properties to one another or
to land qualities [22] and can be used to calculate complicated
soil parameters from simple characteristics [23].
Plant Available Water
Plant available water is defined as the difference be-
tween the soil water content when free drainage (θf)
ceases and the level when essentially no water can be
extracted by plants (θw). The best method to define
those water contents is with field measurements, but
field methods can be imprecise. Soil heterogeneity com-
plicates the determination of a single value for θf or θw
within a given soil or even a single soil horizon. There
are problems with determining when free drainage has
ceased for determining θf due to the slowness of drain-
age, particularly with fine-textured soils. Evaporation
and plant water use also complicate field measurements
of θf. Similarly, the point at which no more plant extractable
water occurs (i.e., θw) varies with soil type and especially with
plant species.
Commonly, θf and θw are estimated using undisturbed cores
and pressure plate desorption equipment. These methods,
while imperfect, allow effects of soil management practices
on water retention to be compared at consistent and reproduc-
ible soil water pressure potentials. The use of undisturbed
cores allows for the effects of soil management on soil struc-
ture and the effects of structure on soil water holding charac-
teristics to be quantified, provided the assumption that the
cores are representative of the whole soil is valid. Unfortu-
nately, these laboratory methods are also time consuming and
relatively expensive with regard to both labor and equipment.
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Fig. 1 Variation in least limiting
water range (LLWR) as affected
by profile depth within a Weld
loam near Akron, CO (Taken
from Benjamin et al. [20])
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Other researchers have also attempted to develop
pedotransfer functions to account for other soil property
changes in response to SOM. For example, Gupta and Larson
[24] presented a regression model based on particle size
analysis, organic matter content, and bulk density that esti-
mates soil water content at various pressure potentials. The
model has the form
θp ¼ a saþ b siþ cclþ dOMþ eρb ð1Þ
where θp is the predicted water content (in cubic centimeter
per cubic centimeter) for a given matric potential (p), sa is the
sand content (in percent), si is the silt content (in percent), cl is
the clay content (in percent), OM is the organic matter content
(in percent), ρb is the bulk density (in grams per cubic centi-
meter), and a, b, c, d, and e are regression coefficients. The
regression coefficients were determined for individual soil
water potentials. The measured water retention characteristics
were derived from artificially packed soil cores for 43 soil
materials. These equations gave reasonable estimations of
water content for soils and soil materials from South Carolina
and Missouri.
Rawls et al. [25] developed an equation similar to that of
Gupta and Larson [24], but it was based on a different, more
extensive data set consisting of field soil samples. Their gen-
eral equation was:
θp ¼ a saþ b siþ cclþ dOMþ eρb þ f θ0:33 þ g θ15 ð2Þ
It included the terms θ0.33 and θ15 which indicate known
water contents (in cubic centimeters per cubic centimeter) at
−0.33 and −15 bar, respectively. These terms improved the
regression correlations, but having to measure those specific
parameters defeats the purpose of predicting soil water reten-
tion properties using only basic soil information. For compar-
isons among the water content models evaluated in this report,
those terms are ignored.
Ritchie et al. [26] presented a simple method to determine
the drained upper limit (often referred to as θf) of medium
textured soils and a method to adjust the values for soils with
higher sand content, more coarse fragments, or differences
due to SOM changes. The basic equation for determining the
drained upper limit gravimetric water content, wd (in grams
per gram), is as follows:
wd ¼ a sand=clayð Þb ð3Þ
where wd predictions are based on the sand/clay ratio (in
percent) and gravimetric water content is converted to volu-
metric water content at the drained upper (θd) limit by:
θd ¼ wd ρb=ρw ð4Þ
where ρw is the density of water. Ritchie et al. [26] also
assumed that plant extractable water (θp) is relatively constant,
except for soils with high sand content. Therefore, they adjust
θp by:
θp ¼ θpm−aeb sand ð5Þ
where θpm is the mean plant extractable water (in cubic meters
per cubic meter), sand (expressed in percent), and a and b are
regression coefficients. The lower limit (θl) is then calculated
as the difference between θd and θp as:
θl ¼ θd−θp ð6Þ
Ohu et al. [27] presented an empirical model to relate water
retention characteristics to several basic soil properties. The
major conceptual difference between this model and that of
Gupta and Larson [24] is the method used to introduce texture
effects on soil water content. While Gupta and Larson [24]
simply used percentages of sand, silt, and clay as regression
variables, the Ohu model [27] used the liquid limit (LL) as a
regression variable to account for changes in clay content and
mineralogy. In essence, the equation
θ ¼ aψ−n ð7Þ
was used, where θ is the volumetric water content (in cubic
centimeters per cubic centimeter), ψ is the soil water pressure
potential (in kilopascal), and a and n are empirical coefficients
to be determined. They used soils with sandy loam, clay loam,
and clay textures along with additions of dried peat moss to
attain 30, 100, and 170 g kg−1 (3, 10, and 17%) organic matter.
The soils were then compressed at different Proctor compaction
levels to attain a variety of bulk densities. Water desorption
coefficients were determined from these soil cores as:
a ¼ 23:7þ 0:926LL−0:181ρb  LL ð8Þ
n ¼ −0:428þ 0:016OMþ 0:159ρb þ 0:000006CL LL
þ 0:0033ρb  LL− 0:00036ρb  OM
 LL−0:0000054CL ρb  LL
ð9Þ
The a and n coefficients were determined from the desorp-
tion data. The significant correlation factors were ρb, LL,
compaction level (CL), and OM level. Among the significant
correlation factors, LL is not routinely determined because,
although it is a straightforward procedure, it is still very time-
consuming measurement, using either a Casagrande device or
a drop cone device [28].
In lieu of measuring LL, Seybold et al. [29] derived linear
regression equations for LL using percentage total clay, per-
centage organic carbon, water content at −1,500 kPa soil water
potential, cation exchange capacity, percentage linear exten-
sibility, and bulk density as regression factors. The factors
used to provide the “best fit” regressionmodel depended upon
taxonomic soil order. The coefficient of determination (R2) for
these equations varied between 0.63 and 0.81. De Jong et al.
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[30] measured the Atterberg limits on a number of soils from
Saskatchewan and determined that LL is correlated to the clay
and organic matter content within the soil. The regression
coefficients were in the range of 0.5 for clay and organic
matter in the A horizon and approximately 0.8 for clay in
the B and C horizons. If LL information is lacking, the
coefficients given in these papers could provide an estimate
of the liquid limit.
da Silva and Kay [31] specifically attempted to estimate
LLWR parameters from basic soil data. They used an equation
similar to Eq. 7 of Ohu et al. [27] but derived their coefficients
based on clay, organic carbon (OC), ρb, and logarithmic func-
tions of those variables using multiple regression. Their final
equation was as follows:
lnθ ¼ a0 þ a1lnclayþ a2lnOCþ a3lnρb
þ b0 þ b1lnclayþ b2lnOCþ b3lnρbð Þlnψ
ð10Þ
Aeration
Root growth due to aeration is a combination of the oxygen
(O2) status of the soil and plant response to O2 deprivation.
Determining root restrictions caused by aeration is a fairly
straightforward calculation based on air-filled porosity in the
soil at a specific bulk density and water content. The air-filled
porosity (φa, in cubic meters per cubic meter) is determined as:
φa ¼ 1−ρb=ρp−θ ð11Þ
where ρp is the mean soil particle density, and θ is the soil
volumetric water content.
As noted by da Silva et al. [19], soil water content in excess
of field capacity by itself does not limit plant growth. Growth
is only limited when soil water content increases to the point
that limited aeration exists. Two important levels of soil aer-
ation have been identified. Grable and Siemer [32] showed
that 10 % air-filled porosity completely restricted root growth
in their experiments. However, if 20 % air-filled porosity was
maintained, there was no restriction to root growth due to
aeration. A limitation of the LLWR identified by Bengough
et al. [33] is the apparent binary nature of thresholds delineat-
ed by this technique. Therefore, aeration limits for LLWR can
be improved by assuming a linear decline in root growth rate
between the water content providing 20 % air-filled porosity
of the water content providing 10 % air-filled porosity.
Soil Strength
Soil strength is a critical factor limiting root penetration of the
soil. Soils with high soil strength can prevent roots from
exploring soil zones and extracting the water and nutrients
required to support plant growth and development. Quantifi-
cation of soil strength characteristics seldom uses direct
measurements of root growth pressure, but rather on rigid,
mechanical penetrometer or force gauge measurements. The
researcher is then required to relate the penetrometer data to
restrictions in root growth. Taylor and Gardner [34] showed
that, in a fine sandy loam soil, a penetrometer resistance of
greater than 3 MPa prevented cotton (Gossypium hirstum L.)
root penetration. There was a linear decline of root penetration
as the soil strength increased from 0.9 to 3MPa. Expanding on
this finding, Taylor et al. [35] showed that cotton taproot
penetration declined rapidly as soil strength increased from
0.3 to 1.5 MPa and taproot penetration was prevented entirely
when penetrometer resistance exceeded 2.5 MPa. These re-
sults were consistent for several coarse and medium textured
soils, regardless of soil water matric potential or bulk density.
The soil strength limitation on root penetration also seems to
be consistent for many species. Taylor and Burnett [36] tested
the penetration ability of cotton, sesame (Sesamum indicum
L.), guar (Cyamopsis tetragonoloba (L.) Taub.), sesbania
(Sesbania exaltata (Raf.) Rydb.), mung bean (Phaseolus
aureus Roxb.), cowpea (Vigna sinensis L. var. Chinese Red),
and sorghum (Sorghum vulgarePers. var. Sumac Sorgo). They
found that roots from all these species had similar abilities to
penetrate compacted soil. Based on these and other studies,
the LLWR generally uses a 2-MPa penetrometer resistance as
the strength that limits root growth and has a detrimental effect
on crop production [18–20].
Whalley et al. [37] devised a relationship between CI,
effective stress (σw), and bulk density (ρb) as:
log10CI ¼ 0:35 0:009ð Þlog10σw þ 0:93 0:0572ð Þρb þ 1:2623 0:0832ð Þ
ð12Þ
Effective stress was approximated by Sψ, where S= degree
of saturation and ψ = pressure potential (in kilopascal).
da Silva and Kay [31] estimated the parameters for the
strength function of the LLWR using multiple regression in
a similar way as they estimated the water release function.
They used multiple regression to determine coefficients based
on clay, OC, and logarithmic functions of ρb and θ. Their final
equation was
lnCI ¼ c0 þ c1 clayþ c2OCþ d0 þ d1 clayþ d2OCð Þlnθ
þ e0 þ e1 clayð Þlnρb ð13Þ
These studies and others document that there is a close
relationship between soil strength, bulk density, and water
pressure potential. Ideally, this relationship would be mea-
sured in the field and effects of different management prac-
tices on soil strength would be quantified for each situation.
Making such measurements is often impractical. Soil type,
soil horizon, tillage practices, and soil compaction level can all
affect the soil strength–soil bulk density–soil water pressure
potential relationship.With the increased interest in harvesting
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crop residues for bioenergy, bio-products, or simply to reduce
subsequent crop residue management problems [6], a simpli-
fied method for determining the relationship between SOC
and soil strength would be extremely useful for quantifying
soil physical effects of this practice.
Testing Pedotransfer Functions
Predicted θ and CI were compared with data collected at the
Central Great Plains Research Station, near Akron, CO.Water
contents at specific soil water matric potentials were taken
from a Weld loam reported in Benjamin et al. [10]. Water
contents were determined using individual pressure chambers
for undisturbed soil cores at −10 kPa soil water pressure
potential and pressure plates at −1,500 kPa water pressure
potential. Soil strength predictions were compared with field
measurements of θ–ρb–CI from a tillage–irrigation–crop rota-
tion study on aWeld loam [13] as well as a slot tillage study on
a Rago silt loam (data unpublished). Data for the Weld and
Rago soils are presented in Table 1.
Water Content Models
The pedotransfer functions evaluated in this paper are sum-
marized in Table 2. A test of the Gupta and Larson [24]
equations for the Weld loam soil showed a major discrepancy
between the water contents predicted and the measured values
(data not shown). The predicted wilting point water content
was much higher than the measured values for this soil. The
predicted field capacity water content was also much greater
than those measured. A disturbing difference between the
Gupta and Larson [20] predictions and the measured values
was the response of the field capacity water content to change
in bulk density. The Gupta and Larson [24] prediction showed
that water content increased as bulk density decreased. The
measured values show that water content decreased as bulk
density decreased. Differences in the measured and predicted
values can be partially attributed to the differences in soil
structure between the remolded cores of the Gupta and Larson
[24] study and the undisturbed soil cores from the Akron
study. However, the reversal of response of water content to
change in bulk density betweenmeasurements and predictions
leads one to believe that the coefficients used by the Gupta and
Larson model may not be suitable for field soils. Further
evaluation of this pedotransfer function was abandoned.
Measured water contents at −1,500 kPa pressure potential
agreed closely with the predicted values using the Rawls et al.
[25] model (Fig. 2a). Their paper suggested that the coefficient
for the response of θ to ρb at both −10 and −1,500 kPa
was zero. The data indicate that θ increases as ρb
increases; however, the increase is small. There was a
greater discrepancy between predicted and measured θ at
−10 kPa, with nearly 0.1 m3 m−3 difference over the range of θ
measured.
The measured water contents matched very well with the
values predicted by the Ohu et al. [27] (Fig. 2b). The predicted
values are close in magnitude to the measured values and the
qualitative response of water content to changes in organic
matter and bulk density are in the same direction and magni-
tude as the observations.
The Ritchie et al. [26] model underestimated θ at both −10
and −1,500 kPa (Fig. 2c). It is interesting to note that, even
though the predicted values of θwere low in comparison with
the measured values, the difference between the two, identi-
fied as “plant extractable water,” was similar between the
measured and predicted values. The Ritchie et al. [26] model
may show promise for identifying the θ limits of the LLWR
with calibration for individual soils.
The predicted values of θ using the coefficients of da
Silva and Kay [31] agreed closely with the measured
values at both −10 and −1,500 kPa (Fig. 2d). The model
showed a distinct curvilinear response of θ to both OM
and ρb. Intuitively, a curvilinear response of θ to OM is to
be expected in that, as OM levels increase, the relative
effect on θ and plant available water would become less.
Table 1 Soil properties used to
evaluate pedotransfer functions
for water retention and soil
strength of Weld loam and Rago
silt loam soils and to evaluate
SOM effects on the LLWR of a
Duroc loam
Soil Sand (%) Silt (%) Clay (%) OM (%) ρb (g cm
−3) LL (vol%) CL (kPa)
Weld loam 31 47 22 Varies 1.3
to 1.59
Varies 1.17
to 1.53
25 404
Rago silt loam 42 34 24 Varies 1.3
to 3.3
Varies 0.96
to 1.32
25 (est) 400
Duroc loam
Tillage
Sweep 31 44 25 3.6 1.19 0.27
NT 24 44 32 4.2 1.07 0.31
Plow 38 39 23 2.8 1.24 0.24
Sod 24 45 31 5.3 0.95 0.36
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Soil Strength Models
Using the coefficients shown in Table 3, both the Whalley
et al. [37] and da Silva and Kay [31] models gave reasonable
estimates of the CI–θ–ρb relationships for the two soils tested
(Fig. 3). Both models are highly dependent on accurate esti-
mates of water content. A disadvantage of the Whalley et al.
[37] model is the need for accurate estimates of the ψ–θ
relationship, which is not routinely measured for many soil
management or cropping system evaluations. The Rawls et al.
[25] model estimates θ at specific ψ, but the coefficients are
specific for the individual ψ. The Ohu et al. [27] model
estimates ψ–θover a wide range, but is dependent on knowing
the LL, another soil property not routinely measured in soil
management studies. The advantage of the da Silva and Kay
[31] model is its ability to estimate the CI–θ–ρb relationship
from routinely measured soil properties of clay content, or-
ganic carbon content, and bulk density.
Estimating the LLWR from Basic Soil Properties
A sensitivity analysis was conducted to evaluate the change of
soil organicmatter on the LLWR. Two sets of models were used.
In the first scenario, the Ohu et al. [27] model was used to
estimate the ψ–θ relationship, and the Whalley et al. [37] model
was used to estimate the CI–θ–ρb relationship. In the second
scenario, the equations proposed by da Silva and Kay [31] were
used to estimate both the ψ–θ relationship and the CI–θ–ρb
relationship. The particle size data from theWeld loam (Table 1)
were used. Estimates for ψ–θ and CI–θ–ρb were determined
using each method at soil organic matter contents of
10 g kg−1 (1 %) SOM and 50 g kg−1 (5 %) SOM. The
criteria for the LLWR were (a) θwhich gave 10 % air-filled
porosity for aeration limitation; (b) θ at −10 kPa ψ for field
capacity; (c) θ at −1,500 kPa ψ for wilting point; and (d) θ
which gave 2 MPa CI for soil strength limitation, for ρb
ranging from 0.8 to 1.6 g cm−3.
The first scenario using the Ohu et al. [27] and Whalley
et al. [37] models was relatively insensitive to changing SOM
levels (Fig. 4). The predicted water content at field capacity,
wilting point, and the limiting water content for soil strength
were slightly higher for 50 g kg−1 (5 %) SOM than for
10 g kg−1 (1 %) SOM, but the range between the limiting
values was almost the same. These results are not particularly
surprising in that the predicted response of θ to changes in OM
in this range is relatively flat (Fig. 2b). Since theWhalley et al.
[37] model depends on the accuracy of predicted θ, there
would be little expected change in the predicted strength
characteristics if there is little change in predicted θ.
In contrast to scenario 1, using the equations of da Silva
and Kay [31] showed a greater change in the LLWR as SOM
changed (Fig. 5). The LLWR for theWeld loamwith 10 g kg−1
(1 %) SOM was predicted to be 0.12 at 1.0 g cm−3 ρb, while
the LLWR for the soil with 50 g kg−1 (5 %) SOM was
predicted to be 0.20 at 1.0 g cm−3 ρb. Another difference is
the ρb at which the LLWR becomes zero, often called the
critical ρb. For the Weld loam with 10 g kg
−1 (1 %) SOM, the
critical ρb was 1.55 g cm
−3, while the critical ρb for the Weld
loam with 50 g kg−1 (5 %) SOM was 1.36 g cm−3.
Table 2 Regression coefficients
for water retention characteristics
based on Gupta and Larson [24],
Rawls et al. [25], Ritchie et al.
[26], Ohu et al. [27], and da Silva
and Kay [31]
a Factors for the Gupta and Larson
[24] model include particle size
distribution (in percent), organic
matter (OM, in percent), and bulk
density (ρb, in grams per cubic
centimeter)
b Additional factors for the Ohu
model include liquid limit (LL,
in percent) and compaction level
(CL, in kilopascal)
c Addit ional factor for the
Seybold model includes cation
exchange capacity (CEC, in
centimoles per kilogram)
dAdditional factor for the da Silva
and Kay model includes organic
carbon (OC, in percent)
Model
Gupta and Larson [24]a θψ=a sand+b silt+c clay+dOM+e ρb
−10 kPa a=0.00502; b=0.00855; c=0.00883; d=0.00497; e=−0.2423
−1,500 kPa a=−0.00006; b=0.00114; c=0.00577; d=0.00223; e=0.0267
Rawls et al. [25] θψ=a+b sand+c silt+d clay+eOM+f ρb
−10 kPa a=0.4118; b=−0.0030; c=0; d=0.0023; e=0.0317; f=0
−1,500 kPa a=0.0260; b=0; c=0; d=0.0050; e=0.0158; f=0
Ritchie et al. [26]
“drained upper limit”
“plant extractable water”
wd=a (sand/clay)
b
a=0.186; b=−0.141
θp=θpm−a eb sand
θpm=0.132; a=2.5×10
−6; b=0.105
Ohu et al. [27]b θψ=aψ
−n
a=23.7+0.926 LL−0.181 ρb×LL
n=−0.428+0.016 OM+0.159 ρb+0.000006 CL×LL+0.0033
ρb×LL −0.00036 ρb×OM×LL−0.0000054 CL×ρb×LL
Seybold et al. [29]c LL=0.656 clay+0.409 CEC+12.154
da Silva and Kay [31]d ln θψ=a0+a1 ln clay+a2 ln OC+a3 ln ρb+(b0+b1 ln clay+b2
ln OC+b3 ln ρb) ln ψ
a0=−4.1518; a1=0.6851; a2=0.4025; a3=0.2731
b0=−0.5456; b1=0.1127; b2=0.0223; b3=0.1013
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A summary of the effects of changing SOM on the predict-
ed LLWR is shown in Fig. 6. Predictions using the Ohu and
Whalley methods indicate little change in the LLWR for loss
or gain of SOM (Fig. 6a). The greatest difference in predicted
LLWR as SOM increased was at ρb of 1.3 g cm
−3, where the
LLWR actually decreased from 0.13 for 0 g kg−1 SOM to 0.11
for 50 g kg−1 SOM. The decrease of LLWR as SOM increased
is counterintuitive to most observations that soil quality im-
proves as SOM increases. The reason behind this observation
is the slight difference in predicted water content as SOM
increased, which changed the point at which soil strength,
rather than wilting point, became the limiting factor (Fig. 5).
The predicted critical ρb for all SOM levels was 1.60 g cm
−3.
Predictions of the LLWR using the da Silva and Kay [31]
equations indicate an increase in LLWR as SOM increases
(Fig. 6b). The relative change of LLWR decreased as SOM
level increased between 0 and 50 g kg−1 SOM. The critical ρb
increased from 1.55 g cm−3 at 10 g kg−1 (1 %) SOM to
1.60 g cm−3 at 20 g kg−1 (2 %) SOM and then incrementally
decreased to 1.35 g cm−3 at 50 g kg−1 (5 %) SOM.
Practical Applications
To illustrate the practical applications of using these methods
to estimate effects of soil management on the LLWR, data
were collected from a Duroc loam near Sidney, NE. The site
was in native sod until 1970 when an experiment consisting of
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Fig. 2 Measured and predicted
water retention at −10 and
−1,500 kPa matric potentials for a
Weld loam using the models of
Rawls et al. [25] (a), Ohu et al.
[27] (b), Ritchie et al. [26] (c), and
da Silva and Kay [31] (d)
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moldboard plow, sweep tillage, no tillage, and continued
native sod treatments was imposed [38]. A winter wheat–
fallow crop rotation was introduced and has been
continued to the present. In 2010, soil samples were
collected from the 0–15-cm depth and analyzed for ρb,
OM, LL, and particle size analysis. These data were
used in the Ohu et al. [27] and Whalley et al. [37]
models as well as the da Silva and Kay [31] models to
determine tillage effects on the LLWR.
Tillage intensity generally decreased OM, decreased
clay content, increased ρb, and decreased LL (Table 1).
As expected, the greatest OM level was found in the
sod plots and the lowest was in the moldboard plow
plots. The sod and NT plots had similar clay contents,
but the sweep tillage and moldboard plow plots had
lower clay contents, possibly due to erosion over the
last 40 years. Sod plots had the lowest ρb and mold-
board plow plots had the greatest ρb. Differences in
SOM and clay content were reflected by changes in
the LL among the various treatments. The sod plots
had the greatest LL, moldboard the lowest, and the
others had intermediate LL values.
Differences in basic soil properties were also
reflected in the predicted LLWR values among tillage
Table 3 Regression coefficients for CI presented by Whalley et al. [37]
and da Silva and Kay [31]
Model
Whalley et al.a log10CI=a log10 σw+b ρb+c
σw=Sψ
S=θ/θs
a=0.35; b=0.93; c=1.2623
da Silva and Kay ln CI=c0+c1 clay+c2 OC+(d0+d1 clay+d2 OC)
ln θ+(e0+e1 clay) ln ρb
c0=−3.6733; c1=−0.1447; c2=0.7653
d0=−0.4805; d1=−0.1239; d2=0.208
e0=3.8521; e1=0.0963
a For the Whalley et al. [37] model, the effective stress (σw) is approxi-
mated by Sψ, where S is the degree of saturation and ψ is the soil water
pressure potential. Other parameters for the models include bulk density
(ρb), percentage clay (clay), percentage organic carbon (OC), soil water
content θ, and saturated water content (θs)
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Fig. 3 Predicted bulk density
(ρb)–volumetric water content
(θv)–cone index (CI)
relationships. Subpanels a and b
denote measured and predicted
values from an in-row slot tillage
study with measurements from
within the tilled slot and between
rows based on Whalley et al. [37]
and da Silva and Kay [31]
models, respectively. Subpanels c
and d denote measured and
predicted values from a chisel
plow study with measurements
from tilled and no-till plots based
on Whalley et al. [37] and da
Silva and Kay [31] models,
respectively
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treatments (Fig. 7). The first scenario, using the Ohu
et al. [27] and Whalley et al. [37] models (Fig. 7a),
indicates that the sod treatment has a better soil physical
condition than the cropped treatments. Factors contrib-
uting to this included lower ρb in the sod treatment than
in the tilled treatments which had increasing physical
problems as ρb increased. The predicted LLWR for sod
at 1.0 g cm−3 ρb was 0.18 compared with 0.17 for NT,
0.164 for sweep tillage, and 0.158 for moldboard plow.
The LLWR predictions were essentially the same at
1.22 g cm−3 ρb. At greater ρb, the LLWR prediction
for the sod was less than the tilled treatments. The
critical ρb increased with tillage intensity. The critical
ρb for the sod plots was 1.47 g cm
−3 and the critical ρb
for the moldboard plow plots was 1.6 g cm−3. Combin-
ing the predicted LLWR response curves with the ob-
served field ρb shows the LLWR for the sod plots was
0.18, the LLWR for the NT plots was 0.16, the LLWR
for the sweep tillage plots was 0.14, and the LLWR for
the moldboard plow plots was 0.13.
The equations of da Silva and Kay [31] also indicate that
the sod has a better soil physical condition than the cropped
treatments at low ρb and worse soil physical condition at high
ρb (Fig. 7b). The predicted LLWR for sod at 1.0 g cm
−3 ρb was
0.22 compared with 0.20 for NT, 0.19 for sweep tillage, and
0.17 for moldboard plow. At 1.5 g cm−3 ρb, the LLWR for the
sod plots was 0 compared with 0.02 for NT plots, 0.03 for
sweep tillage plots, and 0.02 for moldboard plow plots. These
equations also showed that the critical ρb increased with tillage
intensity. The critical ρb for the sod plots was 1.50 g cm
−3, the
critical ρb for the NT plots was 1.55 g cm
−3, the critical ρb for
the sweep tillage plots was 1.6 g cm−3, and the critical ρb for
the moldboard plow plots was 1.6 g cm−3. Combining the
predicted LLWR response curves with the observed field ρb
using this scenario shows the LLWR for the sod plots was
0.24, the LLWR for the NT plots was 0.18, the LLWR for the
sweep tillage plots was 0.13, and the LLWR for the moldboard
plow plots was 0.10.
Based on these tillage and cropping system studies,
we project that LLWR assessments could be very useful
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for assessing potential soil compaction impacts if eco-
system service effects are ignored and too much crop
residue is harvested for bioenergy or bio-products. Sev-
eral methods for estimating the LLWR have been illus-
trated and are shown to give similar information when
applied to long-term field studies. The difficulty in
directly monitoring soil compaction effects due to stover
harvest leads us to conclude that estimating the LLWR
and monitoring it over time is currently the best ap-
proach for addressing this critical problem.
Summary
Devising soil management systems that maintain or improve
SOC levels is crucial for long-term sustainability and
productivity. As SOC levels increase, physical properties such
as soil strength, water holding capacity, and resistance to
compaction by wheel traffic become less limiting to plant
growth and development. Decreasing SOC levels have been
shown to impair soil physical conditions, as defined by the
LLWR. Furthermore, the effects that SOC changes on the
LLWR are more pronounced on soils with inherently low
SOC levels. However, as SOC levels increase, soil physical
properties are also improved. Therefore, for maintenance of
optimum soil physical properties and processes, we recom-
mend that decisions to harvest crop residue for any purpose be
site specific and focused on maintaining or enhancing the
existing SOC content.
Finally, this paper enumerates several options for the eval-
uation of changing SOC levels on soil physical quality and
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potential changes in soil productivity. Of those methods, the
equations originally presented by da Silva and Kay [31]
appear to be very useful for evaluating SOC changes on
soil physical quality. Using this LLWR method in con-
junction with routine documentation of ρb changes will
provide a solid foundation for evaluating the overall
effects of harvesting crop residue for any type of bioenergy
or bio-product production.
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